Abnormal metabolites in pine wood nematode-inoculated Japanese black pine
MATERIALS AND METHODS

Isolates
pines had a distinctive absorption maximum at 278 nm. Extracts from segments nearest the inoculation site had the highest peak, and the peak became lower with increasing distance from the inoculation site (Fig. 2) . For B. mucronatus, the segment containing the inoculation site had the highest peak and the peaks for B. xylophi lus B. mucronatus control Fig. 2 . Absorption spectra (at 278nm) of extracts from P.thunbergii inoculated with B. xylophilus, B. mucronatus or treated with distilled water (control). The number on each peak is the segment number representing distance from the inoculation site (segment 1= 0-3cm; 2= 3-6cm; 3= 6-9 cm; 4= 9-12 cm, 5= 12-15 cm from the inoculation point). December, 2003 other segments were much lower. Absorption spectra of water extracts from control trees that received distilled water also had a peak at 278 nm, but the absorption peak was much lower, and did not change with distance from the treatment site. Water extracts from stem segments inoculated with B. xylophilus that were left for 3 -4 days at room temperature darkened in color especially near the surface of the solution, and their absorption at 278 nm decreased. When sodium borohydride, a reducing agent with no absorption at 250-700 nm, was added to the solution, however, the color of the solution became pale and its absorption peak rose. This suggests the presence of some easily oxidized substance. Addition of several drops of 1N NaOH to the solution resulted in a bathochromic shift of the absorption to 289 nm, suggesting the presence of polyphenolic substance(s). Paper chromatography of extracts from tissues:
The ethyl acetate fraction of methanol extract from the bark of infected and healthy pines produced four distinct spots on the chromatograms. The most distinct difference between the chromatograms was the larger size and deeper color (developed by a FeCI spray) in the spot of which Rf is 0.53 on chromatograms of infected pine extracts. Based on the Rf value, color, fluorescence under ultra violet light, and the absorption spectrum, the spot of the infected-pine chromatograms might be catechin; however, its Rf value (0.53) differed slightly from that of authentic catechin (0.57). Liquid chromatographic analysis of extracts from nematode-inoculated pine tissue:
As shown in Fig. 3 , the pattern of HPLC chromatograms from B. xylophilus-and B. mucronatusinoculated and control seedlings were similar, and both chromatograms showed two distinct and many trivial peaks. After inoculation, the heights of all peaks increased simultaneously. To determine the metabolic response to nematode infection, heights of a peak (peak-1) were measured in chromatograms for B. xylophilus-or B. mucronatus-inoculated and control trees. The results are shown in Fig. 4 . Eight days after inoculation, heights of peak-1 increased conspicuously throughout B. xylophilus-inoculated stems, while heights of peak-1 increased only slightly in the B. mucronatus-inoculated and control trees.
For the eight authentic phenolics examined, retention times of the peaks for catechin, gallic acid and chlorogenic acid coincided with that of the peak-1 in chromatograms for extracts from nematode-inoculated and control seedlings. 
Dynamics of catechol tannin and nematode population in pines:
The changes in catechol tannin concentration and B. xylophilus and B. mucronatus populations over time are given in Fig. 5 . For the 13 days following inoculation, B. xylophilus numbers increased only slightly while catechol tannin levels increased steadily up to day 6 and dramatically after day 13. Tannin continued to increase up to day 27 in B. xylophilus-inoculated trees with slight wilt symptoms, but it decreased suddenly in trees that were severely wilted. Twenty days after inoculation, B. xylophilus numbers increased dramatically along the entire stem, especially in wilting trees. This increase in B.
xylophilus populations coincided with the sudden decrease in tannin concentration in the stems. In B. mucronatus-inoculated trees, catechol tannin concentrations were similar to that of control trees (Fig. 6 ) and showed no visible symptoms. Bursaphelenchus mucronatus migrated along the inoculated stems, but their populations did not increase.
To determine the relationship between B. xylophilus numbers and catechol tannin concentration in Fig. 6 . The relationship between the number of B. xylopilus (logarithmic value) and catechol tannin concentration in nematode-invaded host tissues. Results for specific days are designated by different symbols.
nematode-infected host tissues, the value of the latter was plotted against the logarithmic value of the former (Fig. 6 ). Two days after inoculation, the concentration of tannin remained very low, regardless of nematode numbers. From 6 to 13 days after inoculation, the tannin concentration in each segment increased while nematode numbers were relatively low. However, at 20 and 27 days after inoculation , nematode numbers in the segments increased while the concentration of tannin decrease . Therefore, correlation coefficient values for nematode numbers and tannin concentration of stem samples 6 and 13 days after inoculation were 0.23 (n = 25, p < 0.5) and 0.44 (n = 25, p < 0.05), respectively; those for the 20-or 27-day examinations were-0.69 (n = 25, p < 0.001) and-0.54 (n = 25, p < 0.01), respectively. Thus, tannin concentration in the infected segments correlated positively with numbers of nematodes up to 13 days after inoculation, but negatively after 20 days.
DISCUSSION
Resistance to PWN is evidenced by toxicity (Bentley et al., 1985) or repulsiveness (Futai, 1979 ) of aqueous extracts of P. taeda L., which is resistant to some populations of PWN. Concentration of condensed tannin in needles or the inner bark of P. thunbergii appears to be associated with resistance December, 2003 (Saitoh, 1970) .
Inoculation of pines with avirulent PWN induces resistance to challenge inoculation with virulent PWN (Kiyohara, 1984) . This induction of resistance suggests a dynamic resistance triggered by the nematode infection. Phytotoxic oxygenated monoterpenes extracted from PWN-infected P. sylvestris L. temporarily paralyzed the nematodes in vitro and suppress reproduction of the nematode, whereas extracts from uninfected P. sylvestris do not affect the nematode . Phenolic compounds are associated with hypersensitive reactions (Klement and Goodman, 1967) , which have been suggested to occur in PWN-infected tissues (Mamiya, 1980; Myers, 1986; 1988) .
In order to clarify the role in hypersensitive resistance, materials synthesized in response to PWN infection must fulfill a time-site-effect relationship with nematode population (Veech, 1981) . Present results indicate that 1) phenolic substances, which cause water extracts from PWN-infected tissue to turn brown (having absorption maximum at 278 nm) accumulate when numbers of PWN increase and 2) a catechin-like substance is the most abundant polyphenolic associated with large numbers of PWN.
Because PWN is a migratory nematode, it may be able to move from the site of hypersensitive reaction, thereby avoiding the effects of hypersensitivity. The nematodes could continue to trigger the hypersensitive reactions throughout the tree wherever they migrate. Substances, which might be synthesized initially in host resistance, become responsible secondarily for death of the trees Myers, 1988) .
A secondary product such as catechin, which is naturally present in small amounts and is a wellknown monomer of condensed tannin, may be activated or induced by B. xylophilus infection.
Following seedling inoculation with B. xylophilus, the peaks on liquid chromatograms of methanol extracts from pine tissues rose in unison, suggesting that while some specific phenolics were produced in response to the nematodes, the entire metabolic pathway of phenolic compounds was also activated.
Eight days after inoculation, phenol production increased dramatically in stems of B. xylophilus-inoculated trees. While inoculation with B. mucronatus also resulted in production of phenols by the host, the response was much less dramatic. Tannins in bark of conifers are mainly condensed ones (Okamura, 1961; Sogo and Hata, 1967) and are polymers of flavanols such as catechin (Karchesy et al., 1976; Sears and Casebier, 1970) . In the HPLC-chromatograms, the retention time of catechin coincides with that of the peak-1, the highest peak found in the chromatograms for pine metabolites. This coincides with the observations showing that catechin-like substances accumulate in B. xylophilus-inoculated tissue. Therefore, in the present study, although the substance shown as peak-1 on the chromatograms have not yet been identified, the amount of catechol (condensed) tannin in host tissue and the numbers of nematodes were monitored for 27 days after nematode inoculation. In B. xylohilus-inoculated trees, catechol tannins increased prior to the increase in nematode numbers. This tannin increase continued up to day 27 in trees that were slightly wilted, while tannin suddenly deceased in severely wilted trees. This reduction seems to be caused by oxidative condensation and insolubilization of tannin (Mhajan et al., 1985; Sakai et al., 1967) . Concomitant with this reduction was the dramatic increase in nematode numbers, suggesting that water-soluble catechol tannin adversely affects the nematodes. Propagation of PWNs on Botrytis cinerea, in fact, was suppressed by exposing authentic tannins such as catechin and gallic acid (unpublished data). However, PWNs may survive or escape the effect of the tannin and successfully reproduce and spread throughout the host tissues. Fungi which proliferate in killed tissue, and serve as food for the nematodes, may also enhance nematode buildup. Concerning the role of phenolics in host resistance to nematode invasion, Giebel (1970) characterized the susceptible host response as one in which browning and overall necrosis slowly occurs; conversely, a resistant response is one in which browning is quick and necrosis limited. Using these criteria, the response of P. thunbergii to B. xylophilus (pathogenic) is typical for a susceptible host while its reaction to B. mucronatus (non-pathogenic) is that of a resistant host.
The HPLC chromatograms for B. xylophiluls-inoculated seedlings revealed a distinct increase in phenolic compounds 3 days after nematode inoculation, while there was a conspicuous increase in seedling tannin content 13 days after the inoculation. The use of different extraction solvents might explain this discrepancy, i.e. for the HPLC samples, methanol was used, while distilled water was used for catechol tannin extraction. In a previous cytological study (Nobuchi et al., 1984) , tannin-containing vacuoles started to develop in ray parenchyma cells 2 days after PWN-inoculation and the vacuoles finally burst 7 to 10 days after the inoculation. After the vacuoles burst, polyphenols might become extractable by dis-
